The rotational spectrum of AsH 2 in its ground X 2 B 1 electronic state has been recorded using a far-infrared laser magnetic resonance spectrometer. The AsH 2 radical was produced inside the spectrometer cavity by the reaction of arsine (AsH 3 ) with fluorine atoms. Hyperfine splittings from both 75 As and 1 H nuclei were observed, and analysis of the spectra has yielded accurate values for rotational, hyperfine, and Zeeman parameters. © 2000 Academic Press
INTRODUCTION
This paper describes the pure rotational spectrum of AsH 2 in its ground X 2 B 1 electronic state, recorded by far-infrared (FIR) laser magnetic resonance (LMR). The analysis of the measurements has led to the determination of accurate values for the rotational, hyperfine, and Zeeman parameters.
The first observation of AsH 2 was by Dixon and co-workers (1, 2) , who detected absorption bands in the Ã 2 A 1 -X 2 B 1 electronic transition of AsH 2 and AsD 2 and determined fairly accurate values for rotational, centrifugal distortion, and spinrotation parameters of AsH 2 in its ground state. Basco and Yee (3) observed the same electronic transition in absorption at lower resolution, while Ni et al. (4) investigated it in emission and obtained an approximate value for the bending vibrational frequency 2 . The EPR spectrum has been observed in a matrix (5) , but, because the hyperfine splittings were unresolved, no hyperfine parameters were determined. The rotation-vibration spectra due to the bending (6) and one or both of the stretching modes have been observed by mid-IR LMR, the latter during a study of AsH by the present authors (7), but both spectra have so far proved too difficult to analyze given the existing knowledge of the radical. Concurrent with the present work, Saito and co-workers observed the rotational spectra of AsH 2 and AsD 2 using rotational spectroscopy at millimeter wavelengths (8, 9) . Theoretical studies have provided estimates of the geometry and harmonic vibrational frequencies (10) and bond dissociation energies (11, 12) of AsH 2 .
The objective of this study was to refine the ground state parameters of AsH 2 , both for its own sake and also to help with the analysis of the mid-IR spectra. Although the motivation for studying AsH 2 was primarily academic, namely to follow the trends down Group V from the much-studied NH 2 and PH 2 to the less well-characterized AsH 2 , it is worth noting that AsH 2 is involved as a reaction intermediate in the production of GaAs semiconductors by chemical vapor deposition. GaAs is of great interest since it has many practical applications. It is used in detectors (for example, in radiology), diodes, electrodes, transistors, and solar cells; over 2000 papers relating to GaAs were published in 1998 alone. Despite its widespread use, the thermodynamics and kinetics of the many reactions involved in the production of GaAs are not yet completely understood.
EXPERIMENTAL DETAILS
The FIR LMR spectrometer at NIST, Boulder, CO, was used in this study and has been described in detail elsewhere (13) . The FIR radiation was generated in a chosen laser gas which is optically pumped by the appropriate line of an infrared CO 2 laser. Part of the FIR radiation was coupled out of the laser cavity and detected with a liquid-helium-cooled In:Sb detector. The resonance signals were modulated at 39 kHz using Zeeman modulation coils and amplified by a lock-in amplifier tuned to this frequency.
The radical AsH 2 was formed in the intracavity cell of the spectrometer by the reaction of fluorine atoms with arsine, AsH 3 . The fluorine atoms were generated by passing a 10% mixture of molecular fluorine in helium through a microwave discharge. The optimum gas conditions were 30 mTorr (4 Pa) AsH 3 and 100 mTorr (13.3 Pa) F 2 /He, with around 810 mTorr (108 Pa) of helium as a flow gas.
Laser lines were selected for searching on the basis of predictions made using the best available parameters (2) . The external magnetic field was scanned and spectra in both per-pendicular (⌬M J ϭ Ϯ1) and parallel (⌬M J ϭ 0) polarizations were recorded. A large number of spectra were recorded; due to time constraints, some of these were measured on somewhat broader scans than usual. The accuracy of the measurements is ϳ Ϯ0.01 mT for B Յ 0.1 T and Ϯ1 ϫ 10 Ϫ4 B for B Ͼ 0.1 T.
OBSERVATIONS AND ANALYSIS

Background
AsH 2 is a bent molecule and so has the inertial properties of an asymmetric top. As a result of this, the double degeneracy of the ͉K͉ levels (where ͉K͉ is the projection of the rotational angular momentum N along the near-symmetric top axis) is removed and the levels are labeled N Ka Kc , where K a and K c are the values of ͉K͉ with which the level correlates in the prolate and oblate symmetric top limits, respectively. The asymmetry doubling is first order for K c 2 ϭ 1 only, higher order effects splitting levels with K c Ͼ 1. Therefore the asymmetry splitting decreases with increasing K c and at high values of K c is negligible.
Each rotational level N is split by the spin-rotation interaction J ϭ N ϩ S. For AsH 2 which has an electron spin angular momentum S of (F 2 ) , where F i labels the spin-rotation components in increasing energy order for a given J value. Figure 1 shows the energy levels of AsH 2 in its ground electronic state (free of hyperfine and Zeeman effects) arranged with K c along the horizontal axis. For K c Ͼ 1, the spin-rotation splitting is greater than the asymmetry doubling.
Interactions which involve the nuclear spins of the arsenic nucleus (I 75 As ϭ 3 2 ) 3 and the two equivalent hydrogen nuclei (I 1 H ϭ 1 2 ) cause hyperfine splittings. The arsenic nucleus gives rise to a quartet splitting. The hydrogen nuclei can contribute to the hyperfine pattern in two ways: the three symmetric combinations (I total ϭ 1; ortho) give rise to a triplet splitting of each member of the quartet, while the one antisymmetric combination (I total ϭ 0; para) produces no further splitting. Due to the symmetry requirement of the total wavefunction with respect to permutation of the hydrogen nuclei, the ortho combinations occur when the rotational wavefunction is symmetric (K c , K a both odd or both even) and the para combination when it is antisymmetric (K c , K a odd, even or even, odd). Note that the two component levels of an asymmetry doublet for a nearoblate top have the same parity but opposite ortho/para character. The permanent electric dipole moment of AsH 2 lies along the b inertial axis; consequently rotational transitions obey b-type selection rules.
The interaction of the molecule with the external magnetic field gives rise to a Zeeman splitting of the levels. Each level J is split into 2J ϩ 1 M J components where M J is the projection of J along the external field direction. Transitions obey the selection rules ⌬M J ϭ 0, Ϯ1 according to the polarization of the oscillating electric field with respect to the external magnetic field.
Observations and Assignment
FIR LMR spectra attributed to AsH 2 in its ground X 2 B 1 electronic state have been observed on 14 different laser lines. Details of the laser lines and the rotational transitions observed on them are given in Table 1 . The energy level diagram of Fig.  1 is a summary of these observations 4 (solid lines) together with the observations made in the millimeter-wave study (8) (dotted lines). Table 2 gives the detailed measurements and assignments of the resonances. The assignment of the spectra was based on the best available parameters in the literature guided by predictions of the Zeeman patterns.
Examples of the spectra are given in Figs. 2, 3, and 4. Figure  2 shows part of the 232.9-m (1.287 THz) spectrum recorded in parallel polarization. The quartet of triplets marked a is due to AsH 2 (ortho) in its ground state. The quartets of doublets b, c correspond to AsH in its ground 3 ⌺ Ϫ and first excited 1 ⌬ 2 AsH 2 is a near-oblate rotor ( ϭ 0.805) so the asymmetry splitting can be regarded as a doubling of the K c levels into two levels with the same value of K c but different values of K a . 3 75 As is the only isotope of arsenic. 4 Transitions due to individual Zeeman and hyperfine components are not indicated. states, respectively. The broad signals marked d are due to NH 2 in its ground state; NH 2 is probably formed from the small amount of N 2 present as an impurity in the fluorine. The production of AsH 2 was optimized over that of AsH by increasing the proportion of arsine in the gas mixture. Figure 3 , recorded using the 382.6-m (0.783 THz) laser line in parallel polarization, shows the spectrum arising from two Zeeman components of the asymmetry doublet 3 13 -2 02 (F 2 -F 1 ), 3 03 -2 12 (F 2 -F 1 ). The quartets of triplets (ortho) correspond to the former transition and the quartets of singlets (para) to the latter. The stronger signals have M J ϭ Ϫ 213 festation of the negligible asymmetry doubling for these high K c levels.
Analysis
The measurements in Table 2 were used to determine the parameters of an effective Hamiltonian for an asymmetric rotor
as formulated by Bowater et al. (14) . The centrifugal distortion corrections to the rotational and spin-rotational Hamiltonians were included in the asymmetric (A) reduction forms of Watson (15) and Brown and Sears (16) . Despite the fact that (15) because this makes comparison with other workers more straightforward. The FIR data (comprising 27 rotational transitions) were fitted, together with the six rotational transitions observed in the millimeter study (8) , by a linearized, least-squares procedure. This was carried out using a computer program based on the Bowater et al. paper (14, 17, 18) and modified for (i) two nuclear spins, (ii) the inclusion of nuclear spin-rotation parameters, (iii) the option of using a decoupled basis set, 5 and (iv) an alternative method of eigenvalue identification. A decoupled labeling scheme ͉N, S, J, M J , I 1 , M I1 , I 2 , M I2 ͘ was used for the FIR data and a coupled scheme ͉N, S, J, I 1 , F 1 , I 2 , F͘ for the millimeter-wave data, where F 1 ϭ J ϩ I 1 (not to be confused with the F 1 spin component) and F ϭ F 1 ϩ I 2 . The matrix representation of H eff was truncated at ⌬N ϭ 2 and ⌬K a ϭ 6, except for transitions with N ϭ 7 for which ⌬K a ϭ 8, without loss in accuracy. FIR measurements were given uncertainties of 2 MHz unless overlapped, in which case they were given uncertainties equivalent to zero weight. The millimeter data were given uncertainties of 0.03 or 0.1 MHz, or zero weight, in accordance with the weights given in Ref. (8) . The final choice of parameters included in the fit was arrived at by trial and error. Each of the higher order parameters which was selected not only improved the overall quality of fit but was also reasonably well determined (with a standard deviation at least four times smaller than the magnitude of the parameter). No attempt was made to include centrifugal distortion corrections to the nuclear hyperfine parameters because the hyperfine splittings were wellfitted without them. The residuals of the FIR data in the fit are given in Table 2 . The quality of fit of the millimeter-wave data was similar to that given in Ref. (8) . The parameters determined in the fit are given in Table 3 in megahertz, and also in reciprocal centimeters for convenience, together with the values of the millimeter-wave parameters (8) for comparison. It can be seen in Table 3 that the level of agreement between the rotational and spin-rotational parameters from the two studies is really rather poor. The reason for this is that Fujiwara et al. (8) worked with a restricted data set and had to assume values for several of the centrifugal distortion parameters. The assumed values were not always very good, e.g., ⌬ K S was con- 5 Decoupled matrix elements may be obtained from the corresponding expressions for coupled matrix elements by replacing
where k is the rank of the spherical tensor operator involved. strained to be 15.59 MHz, whereas its true value is now determined as 25.53 MHz. The effects of these choices were absorbed into the other parameters, thereby distorting them. Because we have been able to fit a very much larger data set in the present work (608 resonances compared with 61 in the millimeter-wave study), our parameter set is significantly more accurate. Table 4 compares the current values of the molecular parameters with the optical values of Ref. (2) , while term values in reciprocal centimeters calculated from the current and optical parameters are shown in Table 5 . The parameters which are determined for the first time in the present work include the g factors, the sextic centrifugal distortion parameters, and some of the quartic centrifugal distortion parameters and centrifugal distortion corrections to spin-rotation parameters.
DISCUSSION
Rotational Parameters
The refined rotational parameters can be used to determine an improved geometry for AsH 2 . The zero-point geometry is best determined from A 0 and B 0 because these two parameters are not affected by Coriolis coupling, unlike C 0 . The results of the calculation are r 0 (As-H) ϭ 1.518 Å, 0 (H-As-H) ϭ 90.746°. A more sophisticated treatment of the geometry of AsH 2 can be found in Ref. (8) . The bond angle decreases down the Group V dihydrides, with ϭ 103.33°for NH 2 (19) and 91.65°for PH 2 (20) . By inserting the values of the rotational parameters into the expression for the asymmetry parameter ϭ (2B 0 Ϫ A 0 Ϫ C 0 )/( A 0 Ϫ C 0 ), it can be seen that AsH 2 is a near-symmetric oblate top with equal to 0.8. This value compares with Ϫ0.3 and 0.6 for NH 2 and PH 2 , respectively. While AsH 2 and PH 2 have similar bond angles, AsH 2 is closer to the oblate symmetric top limit because the center of mass is closer to the central atom in the heavier molecule. The near symmetry of AsH 2 arises "accidentally" as a result of the near-90°bond angle causing the moments of inertia about the in-plane a and b axes to be nearly equal. This is in contrast to "real" cases of symmetry which are due to the equivalence of bonds. A consequence of near symmetry is that the K c asymmetry doubling is less pronounced in AsH 2 than in a more asymmetric molecule like PH 2 .
Centrifugal Distortion Parameters
The full set of quartic centrifugal distortion parameters ⌬ N , ⌬ NK , ⌬ K , ␦ N , and ␦ K have been determined and can be used to calculate the force field of AsH 2 from which the symmetric and asymmetric stretching ( 1 , 3 ) and bending ( 2 ) vibrational frequencies can be estimated (9, 21) . While all three vibrational frequencies have been calculated by ab initio methods (11), only 2 has been determined experimentally, and even then only approximately (4). The three sextic centrifugal distortion parameters, ⌽ KN , N , and K , which have been determined, help to improve the reliability of the quartic centrifugal distortion parameters. The values of the quartic centrifugal parameters determined in this work agree tolerably well with those predicted by the force field given in Ref. (9) 
Spin-Rotation Parameters
The spin-rotation parameters give an indication of the contamination of the ground electronic state of AsH 2 by excited electronic states. The dominant contribution to the effective spin-rotation interaction is expected to be second order, via spin-orbit coupling (22) . This is also the case for the anisotropic corrections to the electron spin g factors, g s ii (23) . Inserting the determined parameter values into Curl's relationship,
[2]
which is based on the assumption that the second-order contributions are dominant, it can be seen that for AsH 2 this assumption is valid as is shown in Table 6 . While the rotational parameters show oblate character with A 0 and B 0 being nearly equal, the spin-rotation parameters are more asymmetric in character with ⑀ aa nearly three times the size of ⑀ bb . This can be explained by the particular excited states with which the ground state must mix in order to give a nonzero spin-orbit interaction. For rotation about the a axis, it can be shown that the relevant excited state must have A 1 orbital symmetry, which is the symmetry of the first excited state of AsH 2 (1, 2) . For rotation about the other axes, the appropriate symmetries are those of higher excited states, ⑀ bb and ⑀ cc arising from admixture of the ground state with 2 B 2 and 2 A 2 states, respectively. Therefore, the largest second-order contribution to the spin-rotation parameters occurs for ⑀ aa because mixing between the ground and first excited states is greater than the mixing between the ground and higher excited states. The Ã 2 A 1 and X 2 B 1 states would form a degenerate 2 ⌸ state if AsH 2 were linear; in reality, they are split apart by the Renner-Teller interaction (24) . This correlation shows the connection between spin-orbit coupling in the linear molecule and the effective spin-rotation coupling about the a-inertial axis in the bent molecule. A simple calculation, based on the secondorder formula given by Dixon (25) with the additional assumption that the X and A states are related by the promotion of an unpaired electron from the out-of-plane to an in-plane 4p orbital on the As atom, provides an estimate for ⑀ aa of Ϫ1.8 cm Ϫ1 . Five of the six quartic centrifugal distortion corrections to the spin-rotation parameters (16) 
, and ␦ N S , have been determined and considerably improve the reliability of the spin-rotation parameters. Since the sixth parameter, ⌬ NK S , was only poorly determined, it was constrained to zero in the final fit.
Nuclear Hyperfine Parameters
Although the present fit has improved the precision of the hyperfine parameters (see Table 3 ), the values are essentially the same as those determined in the millimeter-wave study (8) , where a quantitative discussion of the hyperfine parameters for arsenic is given. Consequently only a brief discussion is provided here.
Fermi-contact parameters. The Fermi-contact parameter is a measure of the unpaired electron density at the nucleus and as such it gives an indication of the s character of the orbital containing the unpaired electron. At the most simplistic level, the unpaired electron in AsH 2 occupies a b 1 orbital (which might be approximated by a 4p orbital on the arsenic atom). In this case, one would expect the Fermi-contact interaction to be zero at both the As and H nuclei. In reality, the parameter is small but nonzero at each nucleus. Using the values for the Fermi-contact interaction in a pure ns orbital (26), the s character of the orbital which contains the unpaired electron in AsH 2 can be determined. The Fermi-contact parameters at the 75 As and 1 H nuclei, given in Table 3 , imply that the spin densities at these nuclei are 0.39 and Ϫ3.6%, respectively. The signs of these two quantities are as expected if the nonzero spin density arises from spin polarization in the As-H bond.
Spin-spin dipolar parameters. The dipolar hyperfine parameters depend on the spatial distribution of the unpaired electron spin in the molecule. For the 75 As nucleus, the outof-plane component is large, positive, and roughly twice the magnitude of the two in-plane components. This is in line with the expectation that the unpaired electron is in a 4p atomic orbital on the As atom. Fujiwara et al. (8) have calculated that, on this basis, the unpaired spin density on the As atom is expected to be 91.4%, suggesting some contribution to the b 1 orbital from the hydrogen orbitals. The spin density on the Table 4 .
b Calculated from the parameters determined in the present study.
c J ϭ N ϩ heavy atom increases down the Group V dihydrides (8), consistent with the increase in size of the np orbital and a consequent decrease in the overlap with 2p orbitals on the H atoms.
One interesting characteristic of the 75 As dipolar parameters is that the two in-plane components aa I and bb I , though close, are not equal to each other. This is an indication that the electron spin density is not cylindrically symmetric about the c inertial axis but rather bulges out in the b-axis direction. Indeed, the same characteristic is shown by NH 2 and PH 2 (8) , though it becomes more noticeable as one goes down Group V. It is not possible to explain this by admixture of higher l orbitals into the basic 4p component of the b 1 orbital because neither NH 2 or PH 2 have access to f orbitals. Equally, an explanation in terms of participation of 2p orbitals on the H atoms is not convincing because such participation gets smaller down the group (because of smaller overlap and increasing bond lengths), not larger. The noncylindrical symmetry of the dipolar tensor does seem to be reproduced by ab initio calculations (27, 28) , but the physical explanation for this behavior is not considered in these papers.
The dipolar hyperfine parameters for the protons in AsH 2 have also been determined (see Table 3 ). We have attempted a simple interpretation of these parameters by modeling the b 1 orbital with a 4p Slater-type orbital on the arsenic atom. The results of the calculation are given in Table 7 , after transformation into the principal axis system. The results obtained are of the correct general magnitude but somewhat smaller than those determined by experiment. This can be seen as a satisfactory result, given that the dipolar tensor components will also be affected by spin-polarization effects similar to those which contribute to the Fermi-contact interaction (see above).
Electric quadrupole parameters. The electron quadrupole coupling parameters for 75 As depend on the electric field gradients at the nucleus which are produced by all nearby charges, not just the open-shell electrons. Fujiwara et al. (8) have followed a standard treatment of this interaction (31) based on sp n hybrid orbitals on the As atom. These orbitals are combinations of 4s and 4p atomic orbitals. They used the experimental values for ␣␣ Q to determine the s character of the orbitals which are used to form the As-H bonds. Their result is that the square of the coefficient a s 2 is 0.118, which would correspond to a bond angle of 97.7°within the terms of this simple model. This result is not entirely satisfactory because the bond angle in AsH 2 is known to be 90.75°, very nearly a right angle. In other words, the bonding in AsH 2 can be more convincingly discussed in terms of 4p x and 4p y orbitals directed along the two As-H bond directions, with the lone pair accommodated in a 4s orbital. We have therefore repeated the calculation described in Ref. (8) with the difference that we take a s 2 to be 0.0133, corresponding to the experimental bond angle of 90.75°, and we also place a full single electron in the 4p z (b 1 ) orbital rather than 0.914 as do Fujiwara et al. (the latter made their estimate of the spin density in the b 1 orbital on the assumption that it was a 4p atomic orbital; this is almost certainly not a reliable assumption). The results of this calculation, compared with the experimental values for the electric quadrupole coupling parameters, are given in Table 8 . It can be seen that the agreement is poor: indeed, the results of the calculation depend very strongly on the precise choice of value for a s 2 . In other words, the interaction depends sensitively on the charge distribution around the 75 As nucleus and much better agreement could be obtained by distorting the 4p and 4s orbitals. We have already seen that such distortion is required to explain the experimental dipole-dipole parameters. For the in-plane, bonding orbitals (a 1 ), this distortion might be modeled by inclusion of 4d character. Nuclear spin-rotation. As with the electron spin-rotation parameters discussed earlier, the main contribution to the nuclear spin-rotation parameters is expected to be from spinorbit coupling in second order. This is found to be the case as the values determined for 75 As agree to within an order of magnitude with values calculated from the second-order perturbation theory expression (8) . The nuclear spin-rotation parameters for AsH 2 are similar to that of AsH but both are larger than those of AsH 3 . This can be explained by the facts that the separation between the ground and first excited electronic states is larger for AsH 3 and the rotational parameters themselves are smaller.
g Factors
The electron spin g factors g s have been discussed above in connection with the spin-rotation parameters. The mean value of the three experimentally determined g s ii parameters (see Table 3 ) is 2.0335. This is in good agreement with the value of g av (2.034) obtained in the EPR study of AsH 2 in a matrix (5) .
The rotational g factors contain contributions from rotation of the nuclei ( g r n ) and electrons ( g r e ): g r ϭ g r n Ϫ g r e . As is usual for open-shell molecules, the electronic contribution outweighs the nuclear contribution resulting in negative values of g r . The determined values agree well with values of the electronic contribution calculated from the expression g r elec ϭ Ϫ͉⑀ ii ͉/ 4p with 4p ϭ 1201 cm Ϫ1 (33) 7 (see Table 9 ).
CONCLUSION
A comprehensive study of the rotational spectrum of the AsH 2 free radical has been made by far-infrared laser magnetic resonance. A good spread of N and K c values is involved in this study, as a result of which it has been possible to determine a much more reliable set of parameters than previously. The molecule can now be considered to be well characterized in the zero-point level of its ground electronic state. 
